Abstract. Cisplatin resistance is a major cause of chemotherapeutic failure in lung cancer patients. Unraveling the molecular mechanisms underlying cisplatin (CDDP) resistance is important in lung cancer therapeutics. To explore the role of Src homology phosphotyrosyl phosphatase 2 (SHP2) in the development of cisplatin resistance in lung cancer and the underlying mechanism, we established stable SHP2-overexpressing H446-SHP2-OE cells and SHP2-knockdown H446/CDDP-SHP2-shRNA cells derived from H446 and H446/CDDP (cisplatin-resistant) parental lung cancer cells. The cell viability and apoptosis of these cells exposed to CDDP were observed to determine the influence of SHP2 on drug resistance. In addition, the expression of SHP2, Ras, Akt1 and survivin was assessed by western blot analysis after the lung cancer cells were challenged by cisplatin or silenced by Ras siRNA. As a result, the 50% inhibitory concentration (IC 50 ) of the H446-SHP2-OE cells exposed to CDDP increased from 1.01 to 1.218 µg/ml vs. the H446-control vector cells. The percentage of apoptotic cells was smaller in the H446-SHP2-OE cells vs. the H446-control vector cells after cisplatin challenge. In addition, the expression of Ras, pAkt1, Akt1 and survivin in the H446/CDDP cells was significantly increased vs. the H446 cells. Furthermore, the IC 50 of the H446/CDDP-SHP2-shRNA cells exposed to CDDP decreased from 11.92 to 4.382 µg/ml vs. the H446/CDDP-mock cells. There were significantly more apoptotic cells among the H446/CDDP-SHP2-shRNA cells vs. the H446/CDDPmock cells exposed to cisplatin. A smaller percentage of the H446/CDDP-SHP2-shRNA cells vs. the H446/CDDP-mock cells was observed. In addition, the expression of pAkt1 and survivin in the H446, H446/CDDP and H446/CDDP-mock cells was increased upon exposure to cisplatin however, a corresponding change was not observed in the H446/CDDP-SHP2-shRNA cells. Upon Ras RNA silencing with cisplatin, the Ras expression was significantly decreased in the H446, H446-SHP2-OE and H446/CDDP cells. However, upon Ras RNA interference, the SHP2 expression was not significantly changed, but the expression of Akt1, pAkt1 and survivin was significantly increased in the H446-SHP2-OE and H446/CDDP cells. In conclusion, SHP2 is a new cisplatin resistance-related phosphatase in lung cancer, which inhibits apoptosis by activating the Ras/PI3K/Akt1/survivin signaling pathway.
Introduction
Lung cancer is the most common cancer and a leading cause of cancer-associated mortality worldwide (1) (2) (3) . Non-small cell lung cancer (NSCLC) is the most common type of lung cancer and is associated with high mortality and poor prognosis; over 70% of the patients have advanced cancer at the time of diagnosis and are not suitable for surgical treatment (4, 5) . Therefore, chemotherapy is the main therapeutic option available for these patients (6, 7) . Two plat inum-containing chemotherapy regimens are regularly used as the first-line treatment for patients with lung cancer (8, 9) . However, drug resistance is a major challenge with this line of treatment (10, 11) . Intrinsic changes in tumor cells are known to play a critical role in the emergence of chemoresistance (12) (13) (14) . Thus, the identification of the associated mechanisms is essential in cancer therapeutics.
Cisplatin is the most active platinum agent for patients with advanced lung cancer and early-stage patients who require adjuvant therapy (15) . However, after treatment for a certain period of time, most patients develop cisplatin resistance (16, 17) .
Inhibiting the apoptosis of cancer cells is one mechanism of cisplatin resistance (18) . Survivin is an apoptosis protein-inhibitor that is upregulated in cancer cells and serves as an attractive prognostic marker of malignancies (19) .
Src homology 2 (SH2) domain containing protein tyrosine phosphatase-2 (SHP2) promotes signaling for most growth factors and cytokine receptors. SHP2 is required for growth factor/cytokine-induced cell proliferation, migration and survival in many cancers (20) and is essentially mediated via activating the Ras/mitogen-activated protein kinase (MAP) pathway (7, (21) (22) (23) . However, the influence of SHP2 in inducing lung cancer cell resistance to cisplatin is not well established.
The phosphoinositol 3-kinase (PI3K/Akt) pathway is involved in cell survival, differentiation, proliferation, apoptosis and metastasis and is implicated in the pathogenesis of many tumors (24) .
The Ras/MAPK pathway has been the preferential pathway used in cancer research (25, 26) . SHP2 is a direct activator of Ras and the downstream of MAPK signaling, which are involved in tumor progression (27) .
We previously discovered upregulated SHP2 in lung cancer tissues. Inhibiting SHP2 downregulated the expression of Akt (28) . Furthermore, inhibiting the PI3K/Akt pathway reversed resistance of the A549/CDDP cells to cisplatin, while activation of the PI3K/Akt pathway enhanced tolerance of the A549/CDDP cells to cisplatin. However, whether the anti-apoptotic effect of the Ras-activated PI3K/Akt pathway, is also involved in the SHP2-enhanced lung cancer resistance to cisplatin is not known.
The aim of this study was to explore the role of SHP2 in the development of cisplatin resistance in lung cancer as well as the underlying mechanism. Cell culture and treatment. The cells were cultured in RPMI-1640 medium containing 10% FBS at 37˚C with 5% CO 2 and 100% humidity and treated with different concentrations of cisplatin for predefined time-points.
Materials and methods

Statement
Immunohistochemistry. The cells were seeded over cover slips, fixed with 4% paraformaldehyde, permeabilised with 1% Triton X-100, blocked with 3% H 2 O 2 and then incubated with primary antibody after being blocked in 0.5% normal goat serum. The immunoreactivity of the cells was assessed by staining intensity and scored on a scale of 0 to 3 as follows: 0 (-), absence of staining; 1 (+), weak staining; 2 (++), moderate staining; and 3 (+++), strongly immunoreacting. The cells incubated with primary antibody diluents without the primary antibody served as a negative control.
SHP2 enzyme activity assay. Protein (50 mg) was mixed with protein tyrosine phosphatase (PTP) buffer (25 mM; pH 6.0 Tris-HCl, 50 mM NaCl, 2 mM EDTA and 10 mM DTT) to a final volume of 99 µl. Subsequently, 1 µl of 1 M para-nitrophenyl phosphate (pNPP) was added and incubated at 37˚C for 10 min, and then terminated with 900 µl of termination buffer (1 ml of 5 N NaOH plus 5 ml of 50% alcohol + 4 ml of Milli-Q H 2 O). The optical density (OD) was determined at 405 nm. Α PTP buffer (99 µl) without protein was used as a negative control.
Construction of SHP2 lentiviral vectors and cell transfection.
To construct an SHP2 overexpression lentiviral vector, we designed and synthesized the primers engineered with the BamH1 restriction site in the forward direction and the Xho1 restriction site in the reverse direction, according to the full-length sequence of SHP2 in PubMed database (NM_002834) and the restriction enzyme cutting sites of the lentiviral vector. cDNA from the H446 cells was amplified and cloned into the PTA2 vector, and then transfected into competent Escherichia coli (DH5α) cells. The SHP2 overexpression lentiviral vector LV-SHP2-IRES-PURO was constructed using conventional methods. An empty LV-IRES-PURO vector was used as a negative control.
The knockdown of the SHP2 gene was also performed using lentivirus-mediated RNA interference. Briefly, oligonucleotides coding for the short hairpin RNA (shRNA) targeting human SHP2 were annealed and inserted into the pFIV-GFP-PURO vector to produce the lentiviral expression vector pFIV-GFP-PURO-shSHP2. The integrity was confirmed on sequencing. An empty pFIV-GFP-PURO vector was used as a negative control.
The SHP2 overexpression vector or SHP2 shRNA vector and empty control vectors, together with the corresponding packaged plasmids were transfected into the HEK293T cells to generate lentiviral particles carrying target sequences. Virus supernatants were collected 72 h post-transfection.
The H446 cells were infected with lentiviral particles containing the SHP2 overexpression sequence to produce stable H446-SHP2-OE and H446-control vector target cell lines after puromycin selection (2 µg/ml). The H446/CDDP cells were infected with lentiviral particles containing the SHP2 shRNA sequence to produce stable H446/CDDP-SHP2-shRNA and H446/CDDP-mock target cell lines after puromycin selection (2 µg/ml). The efficiency of overexpression or knockdown of SHP2 in the H446-SHP2-OE and the H446/CDDP-SHP2-shRNA cells respectively, was assessed by both RT-PCR and western blot analysis.
Ras siRNA transfection. Three eppendorf tubes (A, B and C)
were prepared with 500 µl of RPMI-1640 medium in each. H-Ras siRNA (24 µl) was added in tube A and 12 µl of Lipofectamine 2000 reagent was added in tubes B and C, at room temperature (RT) for 5 min. Tubes A and B were mixed and cultured at RT for 20 min. A 500 µl mixture of A and B was added to cells in two culture bottles with 60% confluency and 1.5 ml fresh medium. A 500 µl of solution in C tube was added to another bottle with cells and incubated for 8 h after which 5 ml of complete growth medium without antibiotics was added. The transfection mixture was removed and incubated for an additional 40 h. The efficiency of Ras RNA interference was assessed by both gel based RT-PCR and western blot analysis.
Cell viability assay. Cell viability was detected using the Cell Counting Kit-8 (CCK-8) according to the manufacturer's instructions. The IC 50 of cisplatin was calculated.
Flow cytometric analysis. An FITC Annexin V and PI apoptosis detection kit was used to evaluate apoptosis, according to the manufacturer's protocol.
Western blot analysis. Equal quantities of total protein were run on SDS-PAGE and transferred onto PVDF membranes, blocked with 5% nonfat milk, incubated with primary antibodies, incubated with peroxidase-conjugated secondary antibodies and developed with enhanced chemiluminescent detection reagent.
RNA extraction and gel based real-time PCR analysis.
Total RNA was isolated and cDNA was synthesized routinely. SYBR Green I was used for RT-PCR analysis. The RT-PCR products were run on the agarose gel and the quantitative gel images were obtained.
Statistical analysis.
Results are presented as the mean ± standard deviation (SD). Statistical analysis was performed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA).
Between-group differences were assessed using the Student's t-test and one-way analysis of variance (ANOVA) was used for multi-group comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression and enzyme activity of SHP2 in cisplatin-resistant human lung cancer cells. Our previous study found a significantly higher expression of SHP2 in NSCLC by tissue microarray and also in NSCLC patients with lymph node metastasis vs. patients without lymph node metastasis (29) . The results were consistent with previous in vivo observations by immunohistochemical detection of SHP2 expression in cisplatin-induced drug resistant cells (H446/ CDDP, SPC-A-1/CDDP) and their parental cell lines (H446, SPC-A-1). A high expression of SHP2 (+++) was observed in the cytoplasm of all tested cells (Fig. 1A-E) . There was no significant difference in the SHP2 expression between the cisplatin-resistant and the parental cells. However, further investigation revealed a significantly higher activity of SHP2 in cisplatin-resistant H446/CDDP cells vs. H446/CDDP cells (Fig. 1F) . This indicates an involvement of SHP2 in cisplatin resistance of lung cancer cells.
Validation of constructed recombinant human lung cancer cells.
To further investigate whether SHP2 is required for the development of cisplatin resistance in lung cancer cells, we separately induced overexpression and knockdown of the SHP2 expression in H446 and H446/CDDP cells. As illustrated in Fig. 2A -C, SHP2 expression in the H446-SHP2-OE cells was significantly higher than that in the H446 and H446-control vector cells. In addition, SHP2 expression in the H446/CDDP-SHP2-shRNA cells was significantly lower than that in the H446/CDDP and H446/CDDP-mock cells. These SHP2 protects lung cancer cells exposed to cisplatin. To investigate the possible involvement of SHP2 in cisplatininduced drug resistance in lung cancer patients, cells challenged with cisplatin were subjected to CCK-8 assay. The results revealed no significant difference in the relative cell viability of the H446, H446-control vector and the H446-SHP2-OE cells without cisplatin (Fig. 3A) , which indicated that the inserted vectors had no influence on the H446 cell viability. However, the relative cell viability of the three cell lines was significantly inhibited with cisplatin (1 µg/ml) vs. the same type of cells without cisplatin (p<0.05). In addition, the relative cell viability of the H446-SHP2-OE cells was significantly increased than that of the other two cell lines (p<0.05). This indicated that upregulation of SHP2 significantly decreased the sensitivity of the H446 cells to cisplatin.
The influence of SHP2 knockdown on the sensitivity of human lung cancer cells to cisplatin was further explored. The H446/CDDP, H446/CDDP-mock and H446/CDDP-SHP2-shRNA cells exhibited similar relative cell viability following treatment with cisplatin (1 µg/ml) (Fig. 3B) , which excluded a possible influence of the inserted vector on cell viability. However, the relative cell viability of the three cell lines was significantly lower following treatment with cisplatin (1 µg/ml) vs. that of the controls without cisplatin (p<0.05). The relative cell viability of the H446/CDDP-SHP2-shRNA cells following treatment with cisplatin was significantly lower vs. that of the other two cell lines (p<0.05). This indicated that sensitivity of the H446/CDDP cells to cisplatin was increased by downregulating SHP2.
To quantitatively assess the influence of SHP2 on lung cancer cell sensitivity to cisplatin, the IC 50 for each cell line was calculated. The H446-control vector and the H446-SHP2-OE cells were treated with cisplatin (0.05, 0.25, 1.25, 5 and 10 µg/ml), and the H446/CDDP-mock and H446/ CDDP-SHP2-shRNA cells were treated with cisplatin (5, 10, 20, 40 and 80 µg/ml) for 24 h. The IC 50 of the H446-control vector, the H446-SHP2-OE, the H446/CDDP-mock and the H446/CDDP-SHP2-shRNA cells to cisplatin was 1.01, 1.218, 11.92 and 4.382 µg/ml, respectively. Collectively, these results confirmed the enhanced tolerance of H446 cells to cisplatin after upregulating SHP2, while downregulating SHP2 increased the sensitivity of H446 cells to cisplatin.
SHP2 induces drug resistance via inhibition of cisplatin-induced apoptosis in lung cancer cells.
To investigate whether SHP2-induced chemoresistance was mediated by antiapoptosis, flow cytometric analysis was performed to assess apoptosis of the H446-control vector, the H446-SHP2-OE, H446/CDDP-mock and the H446/CDDP-SHP2-shRNA cells in response to cisplatin (1.0 µg/ml). The results revealed that SHP2 overexpression significantly decreased lung cancer cell apoptosis and apoptosis due to cisplatin was significantly lower in the H446-SHP2-OE vs. the H446-control vector cells (average of 35.15 vs. 46.64%; Fig. 4A and B) . In contrast, SHP2 knockdown significantly increased apoptosis. The apoptosis rate due to cisplatin was significantly higher in the H446/CDDP-SHP2-shRNA vs. the H446/CDDP-mock cells (average of 17.35 vs. 6.73%; Fig. 4C and D) . These observations indicated that upregulation of SHP2 protected lung cancer cells from apoptosis and enhanced their resistance to cisplatin.
SHP2 Ras/PI3K/Akt/survivin pathway is critical to chemotherapeutic outcomes in lung cancer.
To investigate whether the Ras-activated PI3K/Akt pathway, downstream of MAPK, plays a critical role in inhibiting apoptosis and is involved in SHP2-induced lung cancer cell resistance to cisplatin, the Ras expression in lung cancer cells was assessed by immunohistochemistry. A high Ras expression (+++) was observed in both SPC-A-1 and cisplatin-induced drug resistant SPC-A-1/CDDP cells ( Fig. 5A and B) . The expression of Ras in cisplatin-induced drug resistant H446/CDDP cells (+++) was greater than that in the H446 cells (++) (Fig. 5C and D) .
To gain an insight into the molecular mechanisms by which Ras further promoted lung cancer cell resistance to cisplatin, H446, H446/CDDP, H446/CDDP-mock and H446/CDDP-SHP2-shRNA cells were treated with cisplatin (1.0 µg/ml) for 24 h. The changes in expression of SHP2, Ras, pAkt1, Akt1 and survivin were assessed by western blot analysis. The expression of Ras, pAkt1, Akt1 and survivin in the H446/CDDP cells was significantly higher vs. that in the H446 cells without cisplatin resistance, which indicated that these proteins are closely associated with cisplatin resistance (Fig. 6A and C) . Furthermore, the expression of Ras, Akt1, pAkt1 and survivin in H446/CDDP-SHP2-shRNA cells was lower than that in the H446/CDDP-mock cells, which is consistent with the SHP2 expression. This indicated that SHP2 may be an upstream regulatory factor of Ras, Akt1 and survivin, which may directly upregulate the PI3K/Akt1 pathway. The expression of pAkt1 and survivin was also increased following exposure of these cells to cisplatin. The SHP2 expression was not inhibited in the H446, H446/CDDP and H446/CDDP-mock cells, which confirmed the involvement of these two factors and the antiapoptotic effect. However, no significant differences were observed in the expression of these two proteins, before or after cisplatin exposure, in the H446/CDDP-SHP2-shRNA cells after the SHP2 knockdown. This indicates that cisplatin activated SHP2 which in turn downregulated apoptosis via its effect on the SHP2/Ras/PI3K/Akt1/survivin pathway. This further confirmed that SHP2 participated in pAkt1-and survivin-induced cisplatin resistance in lung cancer cells. Upon Ras RNA silencing with cisplatin, the expression of Ras was significantly decreased in the H446, H446-SHP2-OE and the H446/CDDP cells. However, the SHP2 expression was not significantly changed following Ras RNA interference ( Fig. 6B and D) . The expression of Akt1, pAkt1 and survivin was significantly increased in the H446-SHP2-OE and H446/CDDP cells after the Ras RNA interference. These results revealed that Ras was not the only mediator of SHP2-induced apoptosis inhibition, via the PI3K/Akt1 pathway, in inducing cisplatin resistance. There may be other compensatory ways to increase the expression of Akt1 and pAkt1. Collectively, we demonstrated that SHP2 was a direct activator of Ras. Inhibiting the Ras expression regulated the PI3K/Akt pathway. Therefore, the SHP2/Ras/PI3K/Akt/survivin pathway could be a potential therapeutic target for cisplatin-related drug resistance in lung cancer patients.
Discussion
Lung cancer is a highly malignant neoplasm. About 75% of all patients are diagnosed at an advanced stage and have lost the opportunity for surgery, thus chemotherapy is often the only viable option. Chemotherapy can considerably increase survival, alleviate symptoms and improve the quality of life of lung cancer patients. However, the development of chemoresistance is a major cause of chemotherapy failure. Thus, combination therapy directed to an appropriate target may improve therapeutic efficacy (30) .
We previously reported a positive expression of SHP2 in NSCLC tissues, but not in adjacent and normal lung tissues, which indicated the importance of SHP2 in NSCLC (31) . Indeed, SHP2 is considered as a potential marker and therapeutic target for NSCLC and SHP2 inhibition may play a role in combination therapeutics. However, the involvement of SHP2 in lung cancer resistance has not been reported in the literature.
In the present study, cisplatin-induced drug-resistant cells SPC-A-1/CDDP and H446/CDDP were generated from SPC-A-1 and H446 cells, respectively (30) . A high expression of SHP2 was observed in these cells. We found significantly higher Ras expression in the H446/CDDP cells as compared to that in the H446 cells, while no significant difference was observed between the SPC-A-1/CDDP and the SPC-A-1 cells. This may be due to the fact that lung adenocarcinoma typically exhibits primary resistance, while SCLC exhibits acquired resistance to cisplatin treatment. Our results support the hypothesis that SHP2 is associated with cisplatin-induced drug resistance in lung cancer.
Drug sensitivity tests revealed that overexpression of SHP2 reduced the sensitivity of the H446 cells to cisplatin (IC 50 : 1.218 vs. 1.01 µg/ml) and inhibition of SHP2 significantly reversed the tolerance capacity of the H446/CDDP cells to cisplatin (IC 50 : 4.382 vs. 11.92 µg/ml). Our findings indicated that SHP2 is a cisplatin resistance-associated protein in lung cancer. However, no significant differences were observed in SHP2 mRNA and the protein expression between H446 and H446/CDDP cells.
We further found significantly higher activity of SHP2 in H446/CDDP cells vs. H446 cells (OD value: 0.488±0.015 vs. 0.249±0.011, P<0.05), which indicated that enzymatic activity of SHP2 is involved in acquired resistance of H446 cells to cisplatin.
Overexpression or knockdown of SHP2 had no significant influence on the growth of H446 cells or H446/CDDP cells without cisplatin. However, cell proliferation was significantly inhibited with cisplatin. The lowest extent of inhibition was in cells with SHP2 overexpression while the greatest was in SHP2-knockdown cells. These results strongly indicated that increased SHP2 expression enhanced the tolerance of lung cancer cells to cisplatin. Inhibiting SHP2 reversed this tolerance and increased the sensitivity of lung cancer cells to cisplatin.
Inhibition of apoptosis is a mechanism of cisplatin resistance (14) . After cisplatin treatment, we found that overexpression of SHP2 reduced apoptosis of the H446 cells (from 46.64 to 35.15%), while inhibition of SHP2 increased apoptosis of the H446/CDDP cells (from 6.73 to 17.35%). The expression of Ras, pAkt1, Akt1 and survivin was also significantly increased in the H446/CDDP cells vs. the H446 cells and decreased in the H446/CDDP-SHP2-shRNA cells vs. the H446/CDDP-mock cells, which was consistent with SHP2 expression. These results confirmed the contribution of SHP2 in the acquisition of cisplatin-induced drug resistance, which is mediated via the regulation of cell apoptosis which may be mediated via the PI3K/Akt pathway, an important anti-apoptotic pathway.
SHP2 is involved in cell growth, migration, invasion and transformation via several signaling pathways. Among these, the Ras/ERK and the PI3K/Akt pathways are considered to be closely associated with oncogenesis and tumor development (16) . The present study revealed that inhibition of SHP2 was associated with reduced expression of Ras, Akt1, pAkt1 and survivin. However, no significant difference in SHP2 expression was found after silencing Ras in H446, H446-SHP2-OE and H446/CDDP cells exposed to cisplatin. These findings indicated that SHP2 is the upstream of Ras, Akt1 and survivin. SHP2 may be involved in drug resistance induced by cisplatin in lung cancer cells via the regulation of the Ras/PI3K/Akt1/survivin pathway. Interestingly, the expression of Akt1 and pAkt1 was decreased in the H446 cells, but increased in the H446-SHP2-OE and H446/CDDP cells after the Ras inhibition. We assumed that the SHP2 activation may increase the expression of both Akt1 and pAkt1 via other compensatory pathways independent of Ras, such as the JAK/STAT signaling pathway.
In conclusion, our findings revealed that SHP2 is associated with cisplatin-induced drug resistance in lung cancer and SHP2 directly activates Ras, which in turn regulates the PI3K/Akt pathway. Only in vitro experiments were conducted in the present study, whereas further in vivo studies are currently ongoing by our research group.
